INTRODUCTION
Historically, most disturbance and recovery research in tundra regions has been at the plot level, but concerns about cumulative impacts of large oil fields and the possible effects of climate change have caused ecologists to search for tools to examine impact over large areas and to 'scale up' plot-and watershed-level investigations to broader regions. Recent developments in the fields of landscape ecology, geographic information systems (GISs), remote sensing, and hierarchy theory are
Definitions
Here we use the term disturbance in the sense proposed by Pickett et al. (1989) : 'Disturbance is a change to the minimal structure [of a system] caused by a factor external to the level of interest.' In our treatment, the system of interest is ecosystem spatial pattern at all scales. The minimal structure is the pattern of plant species at the plot level, plant communities at the site level, or physiognomy and production at the regional level. Thus, glaciations and less deposition, which operate over large regions and long time-spans, are disturbances when viewed in terms of the entire history of the region, as are the microdynamics of systems associated with vole outbreaks and ground squirrel activity. The effects of disturbance on other hierarchical aspects of system structure and processes, such as energy capture by plants, resource partitioning, or nutrient flow (Rykiel 1985; Pickett et al. 1989) , are not considered here, although the spatial hierarchy may also play an important role in these other ecological hierarchies.
To gain insight to the factors controlling the response of the system to anthropogenic disturbances, it is important to understand how the vegetation evolved in concert with the terrain. The dynamic character of terrestrial ecosystems is a function of natural disturbance regimes operating over a broad range of spatial and temporal scales (White & Pickett 1985) . Analysis of human-caused (anthropogenic) impacts in tundra ecosystems requires a means to compare the effects of these disturbances with natural ones. The distinction between natural and anthropogenic disturbances is made in order to clearly separate those that were part of the landscape before the appearance of man from those that are the results of man's activities. Most anthropogenic disturbances have natural analogues, but the scale or extent of the analogues may be radically different. In fact, natural and anthropogenic disturbances differ most in magnitude of energy input because in most cases man and Nature are dealing with the same materials.
Important aspects of disturbance and recovery in permafrost regions
The physical system Ice-rich permafrost is a major factor controlling disturbance and recovery in the Arctic. If the permafrost thaws, thermokarst (the collapse of the surface due to melting of massive ground ice) can be initiated on a large scale, and a critical point is reached where it is difficult or impossible to return the site to its original state within a few decades because of continued subsidence. The thawing of ground ice causes (i) hydrologic changes due to the impoundment of water or creation of flowing water, (ii) thermal changes by decreasing the albedo of the surface and increasing heat flux to the site, and (iii) geochemical changes, usually in the form of increased availability of nutrients. Three major attributes of the physical system contribute to thermokarst in permafrost regions: (i) volume of ground-ice in the near surface sediments, (ii) steepness of the terrain, and (iii) grain size of the sediments (Lawson 1986). Disturbances in areas with high amounts of ground ice, rolling topography, and fine-grained sediments may not stabilize even 30 years after the disturbance. The grain-size and steepness of the terrain can normally be determined from surficial geology maps and digital terrain models (DTMs). Currently, the volume of ground ice can only be determined by coring the subsurface sediments. However, statistical probabilities can be used to predict ground-ice content based on numerous other factors, such as terrain age, type of surficial deposit, vegetation mantle, microtopography, slope position, and aspect (Kreig & Reger 1976 .
Modification of the site following disturbance can follow a variety of pathways eventually returning the site to thermal equilibrium. If heat flux to ice-rich terrain is increased by any of a variety of means, such as changes in surface albedo, hydrologic conditions, thermal conductivity of the active layer, snow regime, or local sources of heat, thermokarst is the likely result. The controls on heat flux are complex. The radiation balance and thermal properties of the soil are affected by topographic position (slope and aspect), depth of the moss carpet, bulk density of the soil, vegetation cover, snow cover, and moisture regimes (Weller & Holmgren 1974; Smith 1975; Pavlov 1978; Jorgenson 1986 ). Deep organic layers and thick moss carpets are good insulators against heat flux unless the organic material is saturated, as is often the case in low microsites. Physically based models of heat flux now offer predictions of changes to annual thaw depth in response to climate change (Kane, Hinzman & Zarling, in press; Hinzman et al., in press). The thermal stability of the site constrains the time required for vegetation recovery and the type of vegetation that will reoccupy the site. Perhaps nowhere on earth is the synergistic link between physical stability of the substrate and vegetation recovery more evident than in permafrost regions.
Vegetation recovery
The In summary, although detailed investigations of succession following disturbance are generally lacking for most native Alaskan tundra communities, we do have a great deal of information regarding general patterns of resistance and resilience in relation to site factors to give us a starting point for models of terrain sensitivity. The most critical factor for these models, however, is determination of ground-ice and heat-flux conditions at a site. It should be possible to model these based on terrain variables and remotely sensed information at a variety of scales. Many basic concepts of disturbance and recovery in the permafrost regions have been formulated during the past three decades. The complexity of and close synergism between physical and biological factors point to the need for multivariate hierarchical databases to predict terrain sensitivity.
SCALES OF DISTURBANCE
Recent concerns regarding the consequences of global climate change have forced ecologists to consider tundra ecosystems at previously unmanageable scales. For example, the effects of feedback associated with climate change resulting from increased atmospheric greenhouse gases is a major concern in tundra ecosystems (Chapin 1983b; Prudhomme et al. 1983 ). An estimated 10-27% of the world's stored carbon is in the peat of northern ecosystems (Prudhomme et al. 1983). To understand the response of peat to climate change and the feedback of greenhouse gases to the atmosphere, detailed studies of biophysical processes and plant species dynamics need to be linked to plot-, landscape-, regional-and global-level investigations.
It is difficult to deal experimentally with the variation in natural and anthropogenic When the information in Table 2 is plotted in log-log space with the DDW spatial and temporal domains as a background (Fig. 1) , most natural disturbances fall along a diagonal, with small frequent disturbances at one end and large infrequent disturbances at the other end. This is largely a function of the log-log scale which will straighten out most sets of points. Exceptions to this pattern include yearly events with a wide range of spatial scales, such as the spring flood, which affects all active floodplains and deltas on the North Slope for a short time in the spring of every year, and less deposition, which occurs several times per year and affects large areas of the North Slope. The effect of less, however, is generally only noticeable when it accumulates over-long periods of time.
Nearly all natural disturbances are either directly or indirectly climatically driven and are primarily hydrologically mediated. Most of the vegetation and geomorphic effects in Table 1 
Scales of anthropogenic disturbances
As with natural disturbances, it is often difficult to determine what is a discrete anthropogenic disturbance event. For example, an oilfield is an accumulation of many smaller disturbances, but when considered over the time-span of decades to centuries, it becomes a single disturbance. Similarly, in the case of road dust, the passage of a single truck with its associated dust plume is a discrete disturbance, but the effects are hardly noticeable until the accumulated dust of many years is considered. Estimates of the spatial scale of disturbances and their times of recovery (Table 3 Recovery times are also based on literature and knowledge of succession in natural ecosystems of northern Alaska. Lower limits of recovery are in most cases 1 year or less. Major impacts, such as roads, gravel pads, villages, and drained thawlakes, require extended periods of succession, usually exceeding 100 years. Full recovery is not likely to occur on some disturbances, such as roads, pads, and many material sites; so length of time to achieve functional recovery is used. Functional recovery is the process leading to a stable functional ecosystem that is different from the original (Walker et al. 1987a) . Oilfields, gravel mines, and roads are considered Table 3. comparable to fresh glacial outwash with the exception that the till has a higher proportion of fine soil particle sizes (<2 mm diameter), and therefore, succession pattern and rates will be somewhat different due to better nutrient and water retention. Recovery to a condition similar to Itkillik-age till is estimated to be at least i04 years. Recovery from a major climate change conceivably could be equivalent to that of a major glaciation (1O5 years). The following summary is based on Table 2 and the log-log plot of its information (Fig. 2) 
Scales and topics of investigation
The GIS consists of three primary tiers that correspond to the macroscale, mesoscale, and microscale domains of the DDW hierarchy (Table 1, Fig. 3 ). Databases are currently being constructed at five sublevels of the hierarchy (macroregion, mesoregion, microregion, macrosite, and microsite).
The scale of various spatial data gathering systems used for the GIS are shown along the x-axis in Figs 1 and 2. For example, we use point-sampling techniques for a wide variety of microscale studies, such as thaw-depth, snow-depth, and soil properties. Of course, point sampling is also used at much broader scales, but often it is not possible to make statistically sound extrapolations based on these samples. Photointerpreted geobotanical maps based on extensive ground surveys are being produced at mesosite to microregion scales. Again, photointerpreted maps are made of larger areas, but for the North Slope studies, they are currently restricted to microregion areas or smaller because of the labour involved in making accurate maps of larger areas. Satellite digital data are used for most regional studies (Figs 1 and 2) . Although each sensor can be used for studies at a wide variety of scales, the scales at which the sensors are most appropriately used within the context of the hierarchical GIS are discussed below.
Regional level
Regional studies involve questions related to areas greater than 1 km2. Specific scientific questions being investigated at the regional level are: Macroscale (104_106 km2) Macroscale (macroregion) databases involve physiographic provinces up to the entire North Slope (Fig. 4) . The primary data source at this scale is digital information from the Advanced Very High Resolution Radiometers (AVHRR) aboard the NOAA (National Oceanic and Atmospheric Administration) satellites. The data are from five spectral bands (one in the visible, one in the near IR, and three in the thermal IR), with a spectral resolution (pixel size) of 1 lkm, a swath width of 2400km, and coverage every 24 h (Lillesand & Kiefer 1987) .
Because of the daily coverage and broad swath width, AVHRR data are particularly useful for examining temporal changes of primary production, snow cover, and regional differences in vegetation patterns that would be difficult to detect on mosaics of higher resolution satellite images (e.g. MSS or TM, see below). Topics of investigation for the natural ecosystem include seasonal and latitudinal changes in primary production, contrasts between physiographic provinces (Wahrhaftig 1965) , and vegetational contrasts on major surficial deposits (e.g. sand sea, marine deposits, less, and fluvial deposits). Anthropogenic influences analysed at this scale include climate change and its effects on timing of snow melt and seasonal changes along primary production gradients. The sensors can be pointed off nadir so that images from passes on successive days can be used to produce stereoscopic coverage and three-dimensional images of the terrain. We are currently building two microregional databases in the foothills of the Brooks Range to examine ecological differences in two watersheds on different-aged glacial surfaces (Fig. 5) . These are nested within a planned mesoregion database that will enclose both watersheds. A SPOT-derived vegetation classification has been made for the R4D research site at Imnavait Creek (Stow, Burns & Hope 1989 ). This same area has been mapped using integrated geobotanical mapping techniques (Walker et al. 1989 ). The microregion GIS consists of the following layers: (i) the SPOT data; (ii) a digital terrain model (Fig. 6) 
Site level (microscale)
The microscale (100_ 106 M2) level includes studies ranging in scale from -iM2 plots to first order watersheds. Currently, we are developing databases at the macrosite (104-106 M2) and microsite (100_ 102 M2) sublevels. Natural ecosystem questions being investigated at these levels are related to watershed-process dynamics, toposequence geobotany and geochemistry, snow dynamics, and plant species dynamics. Also, most anthropogenic disturbances can be investigated at the microscale level, including monitoring the effects of road dust, oil spills, roadside flooding, and thermokarst. Scientific questions at these scales include: (i) What is the influence of snow distribution on vegetation-community patterns, and how will they be altered by climate change? (ii) What are the influences of terrain age and less on vegetationcommunity patterns and soil organic accumulation along toposequences? (iii) How do these patterns influence soil-water chemistry and the movement of nutrients downslope? (iv) What are the patterns of plant-species dynamics associated with existing disturbance regimes and how will these be influenced by climate change? (v) What are the microsite variations in primary production and vegetation structure, and how will these change with altered climate or other anthropogenic influences? 1990 ) that will run at meso-to microscale levels using digital terrain data, maps of precipitation (snowpack and rainfall), and estimates of potential surface evaporation derived from radiationbudgets based on slope and aspect. Investigators at the Marine Biological Laboratory in Woods Hole are developing geochemistry models that will link the runoff models with GIS geobotanical characteristics.
The methods of scaling up to regional and global scales are still in their infancy, but they need to be developed if detailed process-level investigations are to be applied at broader scales. The hierarchical GIS presented here is a framework for this. The methods could also be applicable to other ecosystems. 
